We calculate from first principles the electronic structure and optical properties of a number of transition metal dichalcogenide (TMD) bilayer heterostructures consisting of MoS2 layers sandwiched with WS2, MoSe2, MoTe2, BN, or graphene sheets. Contrary to previous works, the systems are constructed in such a way that the unstrained lattice constants of the constituent incommensurate monolayers are retained. We find strong interaction between the Γ-point states in all TMD/TMD heterostructures, which can lead to an indirect gap. On the other hand, states near the K-point remain as in the monolayers. When TMDs are paired with BN or graphene layers, the interaction around Γ-point is negligible, and the electronic structure resembles that of two independent monolayers. Calculations of optical properties of the MoS2/WS2 system show that even when the valence and conduction band edges are located in different layers, the mixing of optical transitions is minimal, and the optical characteristics of the monolayers are largely retained in these heterostructures. The intensity of interlayer transitions is found to be negligibly small, a discouraging result for engineering the optical gap of TMDs by heterostructuring.
I. INTRODUCTION
Transition metal dichalcogenide (TMD) layered materials 1,2 possess unique electronic, 3 optical, 4-6 and mechanical properties. [7] [8] [9] Moreover, when used together with graphene and BN sheets, they show promise for construction of ultra-thin flexible devices based solely on two-dimensional layers. 10, 11 First steps in this direction have recently been demonstrated with the fabrication of transistors, inverters, and memory cells.
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In order to further expand the range of properties achievable by the TMD materials, the pristine systems may be modified through doping [16] [17] [18] [19] or alloying, [20] [21] [22] and also by modifying the layer stacking. Considering the dramatic change from indirect gap in bilayer MoS 2 to direct gap in monolayer, 4,23 significant changes might also be expected when layers of different materials are stacked. For instance, recent computational studies suggested that the band gap may be engineered by constructing TMD/TMD heterostructures. [24] [25] [26] However, several questions still remain open.
First, in the case of MoS 2 /WS 2 , it was shown that the valence band maximum (VBM) and conduction band minimum (CBM) are located in different layers (often referred to as "type-II alignment"). Through a simple picture of single-particle band structure, such band alignment would lead to decreased band gaps. However, this is true only for the fundamental gap measured as a difference between the electron affinity and ionization potential, but does not necessarily hold for the optical transitions. In essence, it is not clear what kind of transition spectrum such systems would show.
Second, theoretical studies of other TMD/TMD heterostructures (such as MoS 2 /MoSe 2 ) suffer from the problem of incommensurate lattice constants, which has so far been circumvented by only considering strongly strained systems. The energy cost for straining both layers and the lack of barrier for relaxing to unstrained state suggest that formation of strained heterostructures is unlikely. Indeed, during epitaxial growth of TMD monolayers on graphene, the lattice constants were found to be very close to those of isolated monolayers, although with some preferential orientation among the layers.
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As strain is known to give rise to dramatic changes in the electronic properties of 2D systems, 10, [28] [29] [30] it is difficult to distinguish which features then originate from the stacking and which are due to the strain artificially introduced into the system due to computational limitations.
In this work, by using first-principles calculations, we study bilayer heterostructures consisting of MoS 2 and WS 2 , MoSe 2 , MoTe 2 , BN, or graphene. By constructing heterostructure models where both constituent layers retain their optimized lattice constant and including the electron-hole interactions through the solution of the Bether-Salpeter equation (BSE) for the MoS 2 /WS 2 system, we go beyond the body of previous work and give answers to the open questions listed above. We also discuss the optical properties of the systems with incommensurate lattices, and demonstrate that the optical characteristics of the monolayers are largely retained in these heterostructures.
II. METHODS
All calculations are carried out with plane waves and the projector-augmented wave scheme as implemented in VASP. 31, 32 The plane wave cutoff is set to 500 eV. Exchange-correlation contributions are treated with Perdew-Burke-Ernzerhof 33 (PBE) functional including empirical dispersion corrections (PBE-D) proposed by Grimme. 34 The ions are relaxed until forces are converged to less than 2 meV/Å. In selected cases, we also cross-check our PBE-D results against ab-initio dispersion corrected functionals, PW86R-VV10 and AM05-VV10sol, which have been shown to give layer distances in excellent agreement with experiment.
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Since the constituent monolayers have generally differing lattice constants, special care is needed in the construction of the atomic models in such a way that the strain is minimized. Our approach is illustrated in Fig. 1 . Let us denote the primitive cell basis vectors of a 2D material i as {a i , b i }. The supercell basis vector may be constructed as n i a i +m i b i , where n i and m i are integers. The second basis vector is always oriented at an 120
• angle. We then search for a set of integers such that the magnitude of the supercell basis vectors in materials i and j approximately match:
In practice, we choose the smallest supercell for which the strain is less than 1 %. The resulting structures contain 75-102 atoms. The two integers defining our models are listed in Table I . For all the heterostructures in this work, one layer is always MoS 2 . Therefore, we have fixed the lattice constant of MoS 2 to the optimized value of 3.18Å, and squeezed or stretched the other layer slightly. These resulting lattice constants (compared to the optimized ones) are also given in Table I together with the relative orientation of the layers as determined by the construction scheme. The perpendicular lattice vector c is 25.44 A. We employ 4×4×1 k-point sampling throughout. The calculated, as well as experimental, lattice constants of MoS 2 and WS 2 are very close. Thus, the heterostructure can be constructed simply from the primitive cells of MoS 2 and WS 2 with negligible strain. The stacking adopted here corresponds to that found in 2H-MoS 2 i.e., chalcogen sublattice of one layer overlaps with transition metal sublattice of the other layer. Due to the large spin-orbit splitting of VBM states near K-point, spin-orbit coupling is included in these calculations. In this case, 12×12×1 k-point sampling is used. The band structures are calculated for all systems at the PBE level. The electronic states from the supercell calculations are projected to the primitive cells of each constituent layer, following Ref. 38 . Note, that when the layer orientations do not align, also the Brillouin zone high-symmetry points for the two constituent monolayers reside at different points of the reciprocal space, as illustrated in Fig. 1(c) . When drawing the band structures, the Brillouin zone segments (e.g. Γ-K) from the two lattices are overlaid. To be more precise, each supercell state is first projected to one of the monolayers and then to the specific Brillouin zone segment of the respective layer. Although the quasiparticle gap from GW is strongly influenced by the size of vacuum, all the main features of the band structure are correctly described by PBE.
39 Therefore, when the effects of interlayer interactions on the electronic structure are considered, the PBE level of theory is deemed sufficient.
Electron-hole interactions need to be accounted for when optical absorption spectra are considered. In the calculations of optical spectra, we rely on the single-shot G 0 W 0 procedure together with solution of the Bethe-Salpeter equation in the Tamm-Dancoff approximation. 40, 41 Due to computational cost involved, this is only done for the MoS 2 /WS 2 system. Hybrid functionals are known to improve the starting electronic structure, 42, 43 and thus the G 0 W 0 is solved on top of HSE band structure. Atomic geometry is obtained using PBE-D with lattice constant c = 18.67Å, which leads to Mo-W distance of d = 12.49Å over the vacuum region. Note that unlike the GW gaps, the optical transitions from BSE are fairly insensitive to the amount of vacuum in the calculation. 39, 44 Spin-orbit interaction is fully accounted for. The adopted 12×12×1 k-point mesh is mostly sufficient for proper description of excitons. 30, 45 For monolayer, we have 192 states in the calculation and for bilayer 288 states (scaled with the supercell volume). Plane wave cutoffs are 280 eV and 200 eV for the wave functions and for the response functions, respectively. These parameters were carefully optimized to reproduce converged absorption spectrum. We first consider the MoS 2 /WS 2 heterostructure, for which the geometry and stacking is shown in Fig. 1(b) . The band structure in Fig. 2(a) shows the same main features as reported in Refs. 24 and 25. In addition, the localization of the states to the two constituent monolayers are highlighted. Around Γ-point, the VBM states show appreciable weight in both layers. On the other hand, the states around K-point are stricly localized to one of the monolayers: VBM at the K-point is completely localized to WS 2 and CBM to MoS 2 . The alignment is similar to that expected from the ionization potentials, 46, 47 indicating that the states also retain their energy position with respect to vacuum level. The mixing around the Γ-point is due to interaction of the constituent monolayer states, which also leads to strong shift (or split) of the energy levels. As a result, the valence band Γ-point states are pushed 0.15 eV higher than the K-point states, thus making the gap indirect.
The sensitivity of the VBM state at the Γ-point to the interlayer interactions may be immediately understood through inspection of the constituent wave functions. The wave functions at the valence and conduction band edges are shown in Fig. 3 for MoS 2 . They are very similar for other TMDs. At the K-point, both for the VBM and the CBM, wave functions are localized within the transition metal sublattice. On the contrary, VBM at the Γ-point shows lobes extending out from the sulfur atoms. These states will interact strongly (if also energetically close), when TMD layers are brought in contact. This is further illustrated in Fig. 2(b) , where the band edge positions are plotted as a function of the layer separation d. The Γ-point states are seen to move strongly as the layers are brought in contact, while the states around K-and T-valleys remain largely unaffected. The gap becomes indirect at d < 6.47Å, which is fulfilled for all considered vdW-corrected functionals. The layer distance calculated with the PBE-D, PW86R-VV10, and AM05- 
B. Optical properties
It was suggested previously, that due to the type-II alignment of band edges in many of these heterostructures, the optical band gap would also decrease and that the excitons would have electron and hole localized to different layers. [24] [25] [26] In order to see if this is indeed the case, we calculated the optical absorption spectrum by solving the Bethe-Salpeter equation. Since the simulation cell for MoS 2 /WS 2 heterostructure is small, computationally heavy GW +BSE calculations can be performed. In addition, the orientation of layers is likely to be "correct" in a sense that it corresponds to the minimum energy configuration.
As seen above, the VBM of this system is located at the Γ-point. However, the indirect transitions do not show up in the absorption spectrum, for which the direct transitions at around K-point are known to dominate,
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and we thus concentrate on the latter. Nevertheless, at K-point the VBM is localized in the WS 2 layer and the CBM in the MoS 2 layer. The calculated absorption spectra for MoS 2 and WS 2 monolayers and for the MoS 2 /WS 2 heterostructure are shown in Fig. 4 . We first note that the calculated energies for the lowest A/B transitions in the monolayer systems (1.93/2.12 eV for MoS 2 and 1.96/2.44 eV for WS 2 ) are in good agreement with the experimental ones (1.9/2.1 eV for MoS 2 49 and 2.0/2.4 eV for WS 2 48,50 ). The optical response from MoS 2 and WS 2 monolayers are of roughly equal intensity. Turning now to the optical spectrum of the heterostructure, it appears to hold all the same features as in the monolayers and at the same energies. In fact, the total spectrum can be well approximated by simply summing up the monolayer spectra as shown by dashed line in Fig. 4 . In order to analyze the character of each transition S, we have inspected in more detail the electron-hole amplitude matrix A S vck , 41 where v, c, and k index valence band states, conduction band states, and k-points, respectively. This analysis shows that all optically active transitions are comprised of direct intralayer transitions. Note that with the adopted stacking, K-point of MoS 2 coincides with K ′ point of WS 2 and thus the spin orientations of the MoS 2 and WS 2 VBM states are opposite, as shown in Fig. 2(a) , Interlayer transitions were also found, but their intensities are close to zero, and thus do not contribute to the absorption spectrum in Fig. 4 . These transitions reach only about 50 meV below the A peak, which is clearly less than that expected from the band alignment. Due to spatial separation, the binding energy becomes smaller, but relaxation of optically active intralayer exciton to optically inactive interlayer exciton is possible.
Thus, engineering of the optical band gap by stacking up suitably aligned monolayers, as previously suggested, does not appear to work. On the other hand, it allows one to achieve stronger monolayer-like optical absorption from the layered TMD materials by simply stacking them together. While our calculations do not give the dynamics of various scattering and recombination mechanisms, it is surely possible that the photoluminescence spectrum could be modified by the interlayer excitons. Relaxation to interlayer excitons could be particularly useful in separating and collecting optically excited electron-hole pairs, and at the same time eliminating the direct recombination channel, in photodetector or solar cell applications. We next study electronic structure of the incommensurate systems. The band structures of MoS 2 /MoSe 2 and MoS 2 /MoTe 2 are shown in Fig. 5(a,b) . The states from the supercell calculation are projected to the corresponding primitive cells of each layer. Similar to the MoS 2 /WS 2 system, the K-point states retain their monolayer character, but the Γ-point states are split with a small mixing of the wave function character. Band structure of MoS 2 /MoTe 2 looks somewhat different, as the MoS 2 VBM couples to the second highest VBM state of MoTe 2 . In both cases, the gap is direct in a sense that both the VBM and CBM are located at the K-point, although again these states are localized in different monolayers in a type-II alignment. We note, that the layer distance calculated with the PBE-D and PW86R-VV10 functionals again agree, both yielding 6.65Å. For each layer, the band structure is plotted up to its first Brillouin zone boundary. Due to different lattice constants, this boundary is located at different wavevectors.
The band structure of MoS 2 /BN is shown in Fig. 6(a) . In this heterostructure, there are small corrugations in the BN layer: the layer distance is largest for B atoms on top of Mo, and smallest for B atoms on top of the center-of-hexagon of MoS 2 . However, the effect is small and does not affect the band structure. The BN layer has practically no effect on the Γ-point band edge of MoS 2 . The Γ-and K-point edges are energetically close and similar to that found for monolayer MoS 2 . In these calculations the K-point was below the Γ-point by 15 meV, but inclusion of spin-orbit coupling is expected to push VBM at K-point above the Γ-point valley. The VBM of BN is close to, but below of, the VBM of MoS 2 , thereby yielding a type-I alignment.
The band structure of MoS 2 /graphene is shown in Fig. 6(b) . Similar to BN, the interaction with MoS 2 states around the Γ-point, as well as around K-point, is negligible. The Dirac-point of graphene is slightly below CBM of MoS 2 in agreement with previous study.
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In order to understand the effects of interlayer interactions more generally, the band edge positions from all considered semiconducting heterostructure systems are collected in Fig. 7 together with the corresponding edges from the respective monolayer systems. Several trends can be observed: (i) For TMD/TMD heterostructures, the nature of the VBM wave functions around Γ-point leads to strongly split states. The magnitude of the splitting depends on the position of the states prior to the construction of the heterostructure. This behavior is akin to that found in bilayer TMD systems or even in simple diatomic molecules. We cannot directly probe the sensitivity of splitting on orientation, but as it is observed in all systems here, we expect the orientation to have small effect on the splitting. (ii) Both the VBM and CBM states around K-point are consistently very close to those of the respective monolayers. As discussed above, this is due to the wave functions being confined in the transition metal sublattice. The small shifts of 0.1-0.2 eV are caused by formation of interface dipole between the layers. (iii) BN and graphene work well to "insulate" the TMD monolayer so that their electronic structures remains very similar to the isolated layers, also around the Γ-point.
The TMD/TMD heterostructures examined so far all yielded type-II alignment, which may be advantageous in separating electron/hole pairs. On the other hand, in order to maximize photoemission, VBM and CBM should both reside at K-point and localized to the same monolayer (i.e., type-I alignment). Among the structures studied so far, MoS 2 /BN was the only one fulfilling these conditions. This should also hold for other TMD/BN heterostructures. In addition, using the above trends and the position of band edges in isolated monolayers 46, 47 , the following systems are also expected to show type-I alignment: MoTe 2 /WSe 2 , MoSe 2 /WS 2 , HfS 2 /ZrSe 2 .
Naturally, the monolayer-monolayer interactions discussed within this work are also applicable when substrate-monolayer interactions are considered. For instance, MoS 2 on BN substrate should still retain electronic structure very similar to that of a monolayer MoS 2 . In fact, such system was found to work very well for optical studies in Ref. 49 . In case of TMD substrates, or more generally whenever there is strong interaction at Γ-point with the substrate, MoS 2 will easily become indirect gap due to the close energies of the valence band maxima at Γ-and K-points, whereas WS 2 , MoSe 2 , or MoTe 2 are expected to retain their direct gaps.
B. Optical properties
The position of the band edges discussed above is naturally of importance for the optical properties as far as the valley population is concerned. The incommensurate nature of the heterostructures considered here also introduces a new issue of mismatch in valley location in the reciprocal space. That is, the wave vector corresponding to the K-point of the two monolayers have different length and orientation. For many of the TMD/TMD structures, the lengths are reasonably close, but the orientation of the layers is unknown. If the heterostructure is constructed by manually placing monolayers on top of each other, 52 the orientation is likely to be dominated by the deposition process and the layers do not reorient after that. If the heterostructure is constructed during growth or restacking of layers exfoliated in liquid, 53 the orientation might be determined by the total energy of stacking.
Since the K-points are aligned in MoS 2 /WS 2 , this system is expected to show the strongest mixing in the optical transitions and the mixing should become smaller in TMD/TMD systems where K-points are misaligned. In the cases of TMD/BN and TMD/graphene, there is very little mixing of the states around the band edges. Since the transitions were seen to be largely decoupled in the MoS 2 /WS 2 system, it therefore seems well justified to conclude that for all heterostructures examined in this work the optical absorption spectrum should be well approximated by the sum of its monolayer constituents.
When interlayer excitons are considered, the misalignment of K-points would lead to indirect interlayer excitons. Although physically interesting, carrying out full GW +BSE calculations on these systems is computationally demanding, and thus beyond the scope of this paper.
V. CONCLUSIONS
A set of transition metal dichalcogenide heterostructures were studied via first-principles calculations. The adopted computational scheme enables us to study unstrained systems, thereby moving beyond the artificially strained or naturally commensurate systems considered previously. With regards to the electronic structure, we find that the VBM at Γ-point is very sensitive to interlayer interaction in TMD/TMD heterostructures. Consequently this determines whether VBM is located at the Γ or K-point. On the other hand, heterostructures with graphene or BN show only negligible interaction. Furthermore, we calculated and analyzed the optical transitions in the MoS 2 /WS 2 system. The optical properties were found to be only very weakly affected by the interlayer interactions. Novel optical characteristics of monolayer TMDs should be largely retained even when stacked with other layered materials, which should prove useful for amplifying their optical response. However, engineering the optical gap through heterostructuring does not appear to work. Optically inactive interlayer excitons were also found that are of interest in light harvesting applications. We hope our results will guide and motivate future experiments in constructing layered structures and studying their unique optoelectronic properties.
